In this paper characterization data for two versions of a gated hybrid-CMOS image sensor are presented. These sensors, referred to as Icarus and Icarus 2, are two and four frame burst mode cameras respectively, with 1024 x 512 pixel array and 25µm spatial resolution. Designed and built by Sandia National Laboratory for the Ultra-Fast X-ray Imager (UXI) program, they have been used to capture X-ray images at LLNL's National Ignition Facility and during High Energy Density Physics (HEDP) experiments. Performance data including timing mode, oscillator performance, and gate widths for the Icarus series sensors is covered; this is the first reported data for the four frame Icarus 2 sensors. Additional impacts on device performance due to diode passivation layer for low energy electron sensitivity and low signal linearity are presented. A discussion of oscillator performance, bond wire inductance, and linear response is also covered.
INTRODUCTION
Sandia National Laboratory's Ultra-Fast X-ray Imager (UXI) program has developed a set of novel multi-frame CMOS imagers for use on High Energy Density Physics (HEDP) experiments [1, 2, 3, 4] . The HEDP experiments evolve on an extremely fast timescale where the duration of an experiment lasts only a few nanoseconds [2, 4] . The National Ignition Facility (NIF) currently utilizes these same CMOS imagers to view the changes that occur in the hohlraum during Inertial Confinement Fusion (ICF) experiments. The high frame rate of these imagers allows experimentalists to view changes in hohlraum capsule dynamics that evolve on the pico to nanosecond time scale. CMOS imagers are designed to overcome challenges with existing Micro Channel Plate (MCP) detectors. The Icarus and Icarus 2 sensors are burst-mode style imagers that capture multiple frames of image data on the nanosecond scale utilizing MOSFET switches as electronic shutters. The Icarus sensor is a two-frame device where the Icarus 2 is a four-frame device. An initial characterization of the performance of the CMOS imagers Icarus and Icarus 2 is a crucial step in obtaining absolutely calibrated data for these sensors and is important for obtaining actual radiometric data.
Icarus and Icarus 2 sensors are an improvement on their predecessors the Furi and Hippogriff sensors [1] . The Icarus series sensors part of the UXI sensor family are multi frame hybridized CMOS (hCMOS) sensors. They are hybridized by bonding an array of silicon photodiodes on top of the custom Readout Integrated Circuit (ROIC) both designed at Sandia. The surface of the exposed photodiode layer is metallized with a metallic bias grid that allows these sensors to have a 77% fill factor for visible light and electrons. The Icarus series are common cathode devices rather than common anode devices. The change to the common cathode type device allowed for the opportunity to utilize existing UV passivation and low energy electron processing techniques for improved low energy detection. Both sensors in this series have a 1024 x 512 pixel array, larger than past imagers that only had 448 columns. The Icarus sensors maintain the same 25µm pitch as Furi and Hippogriff. The Icarus photodiodes come in several thicknesses 8µm, 25µm, and 100µm with several surface passivation options that improve the dynamic range of the sensors to support UV/low energy x-ray applications. In the Icarus series sensors, the full well was reduced to 500,000 electrons to accommodate the capacitance of a four-frame device. Icarus has a nominal minimum integration period of 1 ns [2] . The Icarus sensors also incorporate two additional ring oscillators as well as independent pixel array hemispheres (1024 x 256 halves of the pixel array) not previously implemented in earlier versions of the hCMOS sensors. The Icarus and Icarus 2 sensors are similar where the main difference between sensors is the number of frames acquired by each sensor.
In this paper we present performance data for both Icarus series sensors with an emphasis on performance of the four frame Icarus 2 sensor. The characterization data presented here was conducted using 532 nm light via a 43 ps pulse laser. Gate profiles collected as part of sensor characterization are recorded as a function of counts and time. Counts are a digital number generated where each count is equal to 76µV or 36 electrons. The time recorded on the x-axis of a gate profile is relative to external trigger tied to the laser pulse used to create gate profiles. The characterization techniques used are described in other works [3] . The characterization of the performance of the Icarus series sensors has been utilized to inform diagnostic systems fielded at NIF and the design of future hCMOS series sensors in work at Sandia.
OSCILLATOR PERFORMANCE
Both Icarus series sensors have three oscillators: a relaxation oscillator and two ring oscillators, one with frequency reducing capacitors and one without [2] . The expected oscillator performance is illustrated in Figure 1 . Experimentally changing the analog input voltages that control the oscillator frequency it was determined that the relaxation oscillator functions stably between 137.6 MHz and 700.8 MHz, the ring oscillator with caps operates stably between 10.86 MHz and 548.8 MHz, and the ring oscillator without caps operates stably between 3.4 MHz and 650.4 MHz, see Figure 2 . These results exceed the expected low frequency oscillator response for all oscillators shown in Figure 1 but fall short of expectations at high frequencies for the ring oscillators. While conducting this testing a single analog control voltage was used to change the frequency response of the oscillators, while the frequency response of the relaxation oscillator is determined by three separate voltages or currents. To simplify the three-dimensional problem, the relaxation oscillator was controlled using a single control voltage where each oscillator was tested using steps of 0.25V-0.5V. The digital I/O pads on the Icarus sensors cannot operate at 500MHz so a clock divided output 1/16th of the native internal clock oscillator frequency is output for monitoring purposes. Stability of the oscillation was determined by calculating the standard deviation as a function of the div/16 oscillator frequency where the maximum standard deviation measured was 0.23% of the div/16 clock oscillator frequency. The oscillator stability will impact the sensor's gate profile response and Full Width Half Maximum (FWHM) due to the non-50% duty cycle of the oscillator and is difficult to observe with electrical measurements. Figure 3 shows the gate profile response of all three oscillators in 2-2 and 3-2 Timing Mode (TM). The relaxation oscillator shows a predictable FWHM for each frame in 2-2 TM of ~2ns and an interframe timing of ~2 ns where the gate profiles for the ring oscillators show changes in the FWHM of each frame. The duty cycle of the relaxation oscillator is measured to be 52%, the duty cycle of the ring oscillator with caps is measured as 61%, and the ring oscillator without caps has a duty cycle of 58%. The relaxation oscillator appears to be more stable in the FWHM of the gate profile correlates to the small deviation from the 50% duty cycle. The change in the gate profile due to the non-50% duty cycle in the ring oscillators can be measured. The change in the gate profile response due to the oscillator non-50% duty cycle is unpredictable prior to gate profile scans. The div/16 clock is an average of the previous 16 native clock cycles. The div/16 clock does not allow for the duty cycle of the native clock to be measured due to averaging of the 16 clock cycles.
The nominal minimum integration period of Icarus sensors is 1 ns where experimental data supports a 1.6 ns integration time per frame in the 25µm thick photo diode sensors. Altering the timing mode to operate in 1-2 TM and using an 8µm photodiode an Icarus 2 sensor shows a FWHM gate width as short as 0.67 ns on frames 1 and 3, while frame 0 and 2 show a gate width of 1.3 ns per frame. The change in gate width between frames can be attributed to the non-50% duty cycle of the relaxation oscillator and an artifact of the dual edge clock, see Figure 4 . Further investigation of the impact of photodiode thickness is needed to characterize changes in gate width between different photodiodes.
The ability to select the oscillator frequency and timing mode of the sensor allows for the Icarus sensors to perform over a robust time frame for capturing images. By operating the ring oscillator without caps in 3-2 TM with the slowest oscillation setting of 3.09MHz we were able to achieve gate profiles as long as 520ns gate widths per frame, and in 3-2 TM with the relaxation oscillator functioning at the fastest oscillator setting of 608MHz we were able to show gate widths as short as 2.82ns, see Figure 5 . This opens up many different modes of operation by controlling the oscillator frequency and the timing mode for the Icarus sensors to create both longer and shorter gate response time. Figure 5: 1-2 TM gate profile demonstrates less than 1ns gate widths on frames 1 and 3. Gate FWHM of ~0.67ns on frames 1 and 3 and a ~1.3 ns gate width on frame 0 and frame 2. This gate profile has been corrected for background oscillations discussed in the Bond Wire Inductance and Total Photocurrent section. The FWHM was calculated using the fit function described in Equation 1. The change in gate width is due to the non-50% duty cycle of the relaxation oscillator and an artifact of the dual edge clock. Diode thickness could play a role in FWHM of gate profile more characterization is needed.
Timing Mode
A key component in the UXI design provides the user with the ability to select a timing mode defined by the length of time on and off between each frame. The timing mode selection also defines the FWHM of the frames electronic pixel shutter, also referred to here as a gate. Using a series of stepped laser pulses, we create gate profiles for each frame in a variety of timing modes. The overall response time of the sensor is dependent on timing mode, oscillator frequency, and total photocurrent applied to the sensor. Gate profile dependence on timing mode selection is illustrated in Figure 6 . The fit function used to measure the FWHM, peak responsivity, and spacing between frames is shown in Equation 1 where the fit function does not include the oscillations and offsets [3] .
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Figure 6: Gate profiles for a single sensor operating in 2-2 and 3-2 timing modes. Test conducted with relaxation oscillator at 500MHz and ~4% of the total pixel array illuminated. The oscillation seen on the top of the gate profile are due to 3.5% energy fluctuations in the laser's output.
Bond Wire Inductance and Total Photocurrent
We have observed and characterized a previously unidentified phenomenon that manifests as background oscillation. The background oscillation is represented in the gate profile as a modulating pulse at the beginning of the gate profile for each frame. The amplitude of this pulse scales with the total fluence applied to the sensor as illustrated in Figure 7 . The background oscillation has been empirically tied to the inductance of bond wires that provide the bias voltage to the sensor photodiode. We assumed 12 bond wires at each corner of the pixel array at a maximum length of 5mm (l) with 1nH of inductance per mm of wire. Simulated results of photodiode response time to an impulse input provide a photodiode risetime of 300ps (t) that was utilized in this calculation. We also assumed the maximum number of electrons incident on the sensor at 500k electrons. Utilizing these parameters, a peak photocurrent (i) of approximately 140A is incident on the sensor and provides approximately 194V across the bond wire arrays. This calculation was conducted using the simple equations for inductance see Equation 2. = * (2) We have characterized sensors with 8 and 12 bond wires. In both cases there was background oscillation present in the gate profile for each frame. Additional characterization was performed on a sensor that had been augmented with a conductive epoxy intending to lower total inductance distributing bias voltage to the photodiode. There is currently a design in progress to add a conductive lid for bias distribution to mitigate these effects.
The background oscillation can also be mitigated by limiting the amount of total photocurrent incident on the sensor. By reducing the area of the array illuminated to 26% of the total array the total current across a bond wire array is reduced and provides approximately 51V across the bond wire arrays. The effect of bond wire inductance is reduced in the resulting gate profile. The impact to the gate profile can be seen in Figure 8 where the amplitude of the background oscillation increases with an increase in the number of pixels illuminated. Although the photocurrent dependent background shift is of concern it can be corrected by recording the gate profile of a region of interest (ROI) that is not illuminated and that is spatially similar to an illuminated ROI. Subtracting out the fluctuations in the image background, the background oscillation is filtered out of the gate profile response as seen in Figure 9 . There is also an effect on the rise time for the gate. With an increase in the number of pixels illuminated the response time of the gate degrades, creating a more gaussian shaped profile. With an increase in the total photo current incident on the sensor the rise and fall time of each frame is not Energy Incident on Sensor (J) a defined step but stretched out in time.
Although the timing appears to be shifted earlier, once the correction to the gate profile has been applied the timing for the gate is consistent for each frame regardless of illumination. The expected gate step response begins to transform into a gaussian response when more than 26% of the total pixel array is illuminated. This value was determined by measuring the amplitude of the background oscillation with respect to the amplitude of the gate response. Rather than determining the roundness of the gate profile, we arbitrarily determined that when the peak of the background oscillation is greater than 9% of the gate profile response, the effects of bond wire inductance have an impact on gate response time; this occurs when 26% of the total pixel array is illuminated.
It is possible that the delay in the rise time is a result of a voltage drop across the sensor. This occurs when a threshold of total incident photocurrent is reached. Figure 10 illustrates a comparison between the expected gate profile and what is observed when the entire active area of the sensor is illuminated. Using an optical energy meter and a beam splitter placed in the path of our laser we measured the total amount of energy per square area incident on the sensor. With a small area of the sensor illuminated and an associated small number of incident photons on the sensor the gate profile is a characteristic flat-topped step like function. When the total number of pixels illuminated is increased with a corresponding increase in total photo current the profile changes to a gaussian bell shape as illustrated in Figure 8 . Although this test does not remove the effect of bond wire inductance it does provide room for further investigation of total photocurrent effects that can be characterized by keeping a constant number of pixels illuminated and varying the amount of energy incident on the sensor. Figure 8: Graph shows the change in the gate profile by changing the total amount of photocurrent applied to the sensor and the total area of the sensor illuminated for a single ROI. Background oscillation amplitude decreases with a decrease the percent of the pixel array illuminated. ...wask-..,,#"? -1.25E -8 -7.50E -9 -2.50E -9 2.50E -9 7.50E -9
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1.25E -8 1.75E -8 2.25E -8 Figure 9 : The graph on the top shows the third frame of an unprocessed gate profile. In comparison the graph on the bottom displays the same gate profile as on the left with corrections made for background oscillation and offsets. 
Linearity and ARC Passivation
One of the improvements of the Icarus sensors over their predecessors is the sensitivity to low levels of incident energy. As such, a study of the sensor's response to low signal intensity was conducted using ND filters in the beam path to modulate the total number of photons incident on the sensor. It was observed during testing that for low energies there is a non-linear response. The linear response of the sensors is limited by the analog read-out circuitry illustrated in Figure  11 . Part of this chain is the Vrst node that controls the reset reference voltage for the pixel reset [2] . Increasing the reset voltage plane also increases the reset voltage plane at the source follower and prevents the system from operating in a nonlinear response region of the sensors. Figure 13 illustrates the linear response of Icarus sensors characterized with 3.5kV electrons. 3.5kV electrons are used because the silicon photo diode quantum efficiency is a function of incident electron energy [5] . Figure 13 shows the linear characterization data for Icarus sensors collected using electrons created using a photocathode and Figure 14 shows the linear characterization data for Icarus 2 sensors collected using photons. The sensor response is more characteristic of a polynomial fit with Vrst below 100mV and becomes linear with Vrst of 100mV and above. Some Icarus sensors were bonded to diode arrays with passivated surfaces and an antireflective coating (ARC). These sensors show an improvement in quantum efficiency of the sensor response to electrons by an approximate factor of two shown in Figure 15 . The factor of two increase in efficiency is a ratio of peak counts in the linear response region for passivated Icarus sensor compared to an un-passivated Icarus. These sensors also show an improved linear response for low levels of incident electrons as shown in Figure 16 . 
Conclusion
Characterization of the performance of Icarus and Icarus 2 sensors has provided a means for absolute calibration of diagnostic instruments fielded in NIF and provided significant insight for future work at for Sandia's UXI program. Investigation in to the linear response of the Icarus sensors due to Vrst voltage settings allowed scientists to operate diagnostic systems in the linear response regime of the imagers. Characterization of the photocurrent dependent background shift has also informed design and function of x-ray diagnostics currently being developed.
The Icarus series sensors are an improvement on previous UXI sensors with both two and four frame capabilities, overall oscillator performance, and increased sensitivity to low intensity photons and electrons. Integrating the conductive lid currently being designed at Sandia with Icarus sensors will allow for further characterization of total photocurrent response and mitigation of background oscillation. This characterization will be needed to understand sensor response and performance under a variety of circumstances. There is also interest in further characterization of oscillator impact on gate width and total record length. It is possible that in longer timing modes such as 20ns on 20ns off that gates as long as 300µs are possible. The impact of diode thickness on gate widths is also an area for further investigation. Determining if there is a diode transit time element to sensor performance will be important for future UXI sensor designs. A similar set of characterization will be performed on the next generation of UXI sensors including the high full well Daedalus.
